[1] Natural fine-grained gabbro was deformed in a Paterson deformation apparatus to evaluate the flow strength of lower crustal rocks containing partial melt. We performed 94 creep stepping tests on seven samples at 300 MPa confining pressure, temperatures between 950 C and 1150 C, and axial stresses of 25-510 MPa, resulting in strain rates between 2.3 Â 10 À4 and 6.7 Â 10 À8 s
Introduction
[2] Laboratory-derived flow laws provide important constraints on the diverse rheological behavior of the continental crust [e.g., Brace and Kohlstedt, 1980; Bürgmann and Dresen, 2008] . Earthquake focal depth distribution has been suggested to indicate a strong lower crust Jackson, 2000a, 2000b; Jackson, 2002] or conversely a weak lower crust and a strong upper mantle [Chen and Molnar, 1983; Kohlstedt et al., 1995] . Large spatial variations in rheological behavior may be related to mineralogical composition, rock texture, water content, and temperature distribution.
[3] Feldspars and pyroxenes are the most abundant minerals in the lower continental crust. In earlier studies much attention has been paid to the deformation behavior of clinopyroxene single crystals Blacic, 1982, 1983; Raterron and Jaoul, 1991; Ingrin et al., 1991; Raterron et al., 1994; Jaoul and Raterron, 1994] , polycrystalline aggregates [Kirby and Kronenberg, 1984; Boland and Tullis, 1986] , and to the rheology of feldspar aggregates [Shelton and Tullis, 1981; Tullis and Yund, 1991] . Recent studies on the mechanical behavior of polycrystalline feldspar and pyroxene rocks mainly focused on the influence of water and grain size on creep strength. The results show that "dry" rocks are considerably stronger than "wet" aggregates, which contain just trace amounts of water, deformed by grain size insensitive dislocation creep or grain size sensitive diffusion creep as observed for single-phase aggregates of plagioclase [Dimanov et al., 1999; Rybacki and Dresen, 2000; Dimanov et al., 2003; Rybacki and Dresen, 2004; Rybacki et al., 2006 Rybacki et al., , 2008 Rybacki et al., , 2010 and clinopyroxene [Mauler et al., 2000; Bystricky and Mackwell, 2001; Dimanov et al., 2003; Dimanov and Dresen, 2005; Hier-Majumder et al., 2005; Chen et al., 2006] .
[4] Compared with polycrystalline single-phase aggregates, studies of the high-temperature ductile behavior of mafic, olivine-poor multiphase rocks are still few. Semibrittle deformation of fine-grained gabbro was investigated by He et al. [2003] . Some flow laws exist for websterite [Avé Lallemant, 1978] , granulite and microgabbro [Wilks and Carter, 1990; Ross and Wilks, 1996] , granite [Hansen and Carter, 1982; , and diabase [Shelton and Tullis, 1981; Caristan, 1982; Mackwell et al., 1998 ]. More recently, Dimanov and Dresen [2005] and Dimanov et al. [2007] examined the effect of second phase and water content on flow strength and flow law parameters using synthetic twophase anorthite-diopside aggregates. In addition, experiments have been performed on creep of olivine-pyroxene or olivinefeldspar mixtures [e.g., McDonnell et al., 2000; Ji et al., 2001; de Kloe et al., 2000; de Ronde et al., 2004 de Ronde et al., , 2005 .
[5] Partial melting is considered to strongly influence the mechanical behavior of the crust and upper mantle [e.g., Vanderhaeghe, 2009; Yoshino et al., 2009] . In particular, the influence of low melt fractions, melt topology, and melt viscosity on high-temperature creep of rocks was investigated for olivine-bearing rocks [e.g., Kohlstedt, 1984, 1986; Jin et al., 1994; Kohlstedt, 1995a, 1995b; Zimmermann and Kohlstedt, 2004] including melt segregation effects [e.g., Kohlstedt and Zimmerman, 1996; Zimmerman et al., 1999; Holtzman et al., 2003a Holtzman et al., , 2003b Kohlstedt and Holtzman, 2009] , for granites [Dell'Angelo et al., 1987; Dell'Angelo and Tullis, 1988; Mecklenburgh and Rutter, 2003; Rutter et al., 2006] , and for plagioclase [Dimanov et al., 1998 [Dimanov et al., , 2000 Kohlstedt et al., 2010] . Partially molten rocks increasingly weaken with increasing melt content, decreasing dihedral angle, and decreasing melt viscosity. The strength of partially molten aggregates decreases significantly if melt wets grain boundaries and connected melt films exist [Dimanov et al., 1998 [Dimanov et al., , 2000 Paterson, 2001] provided that film thickness exceeds several nanometers [de Kloe et al., 2000] . In particular, progressive weakening of rocks is observed once a rheological critical melt fraction of 0.2-0.3 is reached [Arzi, 1978; Renner et al., 2000; Takeda and Obata, 2003; Rosenberg and Handy, 2005; Arbaret et al., 2007] .
[6] Experimental studies investigating the effect of partial melt on the high-temperature rheology of lower crustal rocks are still few. Existing studies [Tullis et al. 1996; Dimanov et al., 1998 Dimanov et al., , 2000 Kohlstedt and Holtzman, 2009] show that melt distribution has a significant effect on strain rate enhancement for feldspar-bearing rocks. For feldspars, melt wetting two-grain boundaries were found in hot-pressed samples annealed at high temperature resulting in significant weakening of the aggregates even at melt content of 2-3% [Tullis et al. 1996; Dimanov et al., 2000] . However, if partial melt predominantly resides in triple junctions, the strain rate enhancement increases more moderately with increasing melt content, in agreement with the model of Cooper and Kohlstedt [1986] .
[7] In this study, we deformed fine-grained, dry natural gabbro samples in a gas medium (Paterson) apparatus. We investigate the mechanical behavior and microstructural evolution of natural gabbro containing between 1 and 2 vol % partial melt and present a constitutive equation.
Starting Material and Experimental Methods

Chemical Composition and Microstructure
[8] The samples were prepared from a natural fine-grained gabbro, collected at the base of the Panzhihua magnetite ore deposit, located in Sichuan province, China. The gabbro is composed of $60 vol % plagioclase, $30 vol % pyroxene, and $10 vol % magnetite and ilmenite. Composition of starting samples is heterogeneous at the grain scale. Microprobe (Cameca SX100 in GFZ) analyses yield a chemical composition of An [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] (Figure 1 ). These data show that composition of plagioclase is different from grain to grain (Figure 1) . Moreover, for single plagioclase grains, composition of the core and margin is also different. Inclusions of zircon and magnetite were found under TEM analysis. Few actinolite and chlorite grains also appear as retrograde minerals altered at the rim of pyroxenes. The bulk chemical composition was measured with X-ray fluorescence spectroscopy (DMAX-IIIB). The main oxides are SiO 2 (52.6 wt %), Al 2 O 3 (13.6 wt %), CaO (11.5 wt %), FeO (total Fe 8.5 wt %), MgO (7.5 wt %), Na 2 O (2.8 wt %), TiO 2 (2.8 wt %), K 2 O (0.5 wt %), and MnO (0.2 wt %).
[9] Microstructures of the starting material were examined on polished thin sections with a polarizing optical microscope and a scanning electron microscope (SEM, Zeiss DSM 962). The grain shapes of plagioclase are elongated and those of pyroxene, magnetite and ilmenite are mostly equant. The grain fabric of the samples is considered isotropic. To measure the grain size distribution we used the line intercept method [Underwood, 1970] . The intercept length L was determined along 12 lines across each section oriented in 15 intervals and converted to grain size using a correction factor of 1.9 for plagioclase assuming an average aspect ratio of 2.6 and a rectangular prism grain shape [Dimanov et al., 1998 ] and 1.78 for pyroxene and magnetite assuming equant grains [Underwood, 1970] . For all minerals the grain size distributions are relatively broad and typically left skewed (Figure 2 ). Calculated mean grain sizes of plagioclase, pyroxene, and opaque minerals are 148 AE 58 mm, 121 AE 20 mm, and 67 AE 10 mm (in 1s errors), respectively. Cylindrical cores were drilled from natural samples and ground and polished to 20 mm height and 10 mm diameter. All samples were dried in a 1 atm furnace at 1000 C for 167 h. Undeformed dry samples contain minor intragranular fractures (Figures 3a-3d ) and a small amount of melt produced during the predrying period. The intragranular fractures expected to result from heterogeneous thermal expansion during the drying process. Most of the melt is wetting singleand two-phase grain boundaries (Figures 3a-3d ), but some melt also appeared at local triple and higher-order junctions (Figures 3e and 3f ). To determine melt content, we used software to measure areas of melt and grains on the 2-D SEM images on polished thin sections. Starting dry samples contained about 1.0 AE 0.4% melt. SEM and microprobe analyses (Figures 3b-3f ) on predried starting samples reveal that the composition of plagioclase and pyroxene remains unaltered after heat treatment, but all actinolite chlorite grains were dehydrated and ilmenite grains were partially broken down to rutile and magnetite (Figures 3e and 3f) . Melt composition at grain boundaries is strongly dependent on adjoining mineral (plagioclase, pyroxene, and ilmenite) grains (Figure 4 ). The chemical composition of the melt at the grain boundaries of plagioclase and pyroxene is complex with FeO content exceeding all the minerals, MgO content exceeding that of plagioclase but lower than in pyroxene (Figures 4a and 4b ).
In contrast, CaO content in the melt is lower than in plagioclase and clinopyroxene, and higher than in orthpyroxene (Figure 4c ), and the Al 2 O 3 and Na 2 O contents in the melt are lower than in plagioclase and higher than in clinopyroxene and orthopyroxene (Figures 4d and 4e) . However, when melt appeared between grains of ilmenite and plagioclase or pyroxene, the FeO and TiO 2 content in the melt is higher than that of pyroxene (Figures 4a and 4f ). SiO 2 content of melt is lower than that of plagioclase and pyroxene ( Figure 4 ). These data indicate that chemical composition of the melt is inhomogeneous, suggesting chemical compositions between melt and grains are not in equilibrium over the whole sample, and ilmenite and magnetite played a role in partial melting during the predrying process.
Water Content
[10] To determine the water content, a Fourier transform infrared spectrometer (FTIR, Bruker IFS-66v, GFZ) was used to measure absorbance spectra on double-polished 180 mm thick sections of predried samples before and after deformation. The spectra were recorded at 20 C and averaged from >128 scans between wave numbers of 2500 and 4000 cm À1 with a resolution of 2 cm À1 . We measured both the water content of bulk rock and the water content of individual mineral grains using a spectrometer microscope with a spot size of about 50 mm. The shape of measured spectra both for bulk rock and individual mineral grains is generally broad without distinct sharp peaks, characteristic of molecular water or O-H bonds [Aines and Rossman, 1984; Rybacki and Dresen, 2000] . For quantitative estimates of water content the method given by Paterson [1982] was applied. The average water content of samples is $0.035 AE 0.015 wt % H 2 O (Table 1) .
Experimental Procedure and Data Processing
[11] Constant load tests were performed on seven samples in a Paterson-type gas deformation apparatus at GFZ at 300 MPa confining pressure and temperatures ranging from 950 to 1100 C. Samples were jacketed in iron tubes of $0.3 mm wall thickness to prevent intrusion of the gas confining medium (argon). The axial force measured with an internal load cell was corrected for the strength of the iron jacket and converted to axial stress assuming constant volume deformation. True (natural) strains and strain rates were determined from axial displacement measured with an LVDT and corrected for system compliance. Considering the propagation of errors associated with testing and data processing, the uncertainty of stress and strain rate data is <3% [Rybacki and Dresen, 2000] . Temperatures are accurate to within 0.5%.
[12] In addition, five predried samples were hydrostatically annealed at 300 MPa pressure and temperatures between 950 C and 1100 C for 24-172 h to study the evolution of melt content and microstructure with time and temperature.
Results
Mechanical Data
[13] We performed 94 creep tests on seven dry gabbro samples at temperatures ranging from 950 to 1100 C, stresses between 25 and 510 MPa, resulting in apparent steady state strain rates ranging from 2.3 Â 10 À4 to 6.7 Â 10 À8 s À1 (Table 1) . In most creep tests, the load was increased stepwise at constant temperature. Commonly, the total test duration on Figure 3 a single sample lasted about 3 days. To account for timedependent weakening effects, one sample (sample 21) was stepwise deformed in a constant load series to about 1.5% strain in each step, interrupted by repeated annealing intervals of about 24 h in between. In addition, at axial stresses of $200 and $300 MPa we performed temperature-stepping tests on one sample (sample 22) with stepwise decreasing temperatures, revealing strongly decreasing strain rates (Table 1 ). For each stress or temperature step, individual creep strains were between 0.5 and 1.5%. A constant (steady , 12, 17, clinopyroxene; 6, 7, 11, 18 , plagioclase; 9 and 16, calcium carbonate; 10 and 15, magnetite; 13, orthopyroxene; 8, melt (bright line, marked by white arrow) in intragranular fractures of plagioclase; 14, melt (long black arrow) at grain boundaries of pyroxene. (d) Spots 8a, melt at grain boundaries of pyroxene; 9a, melt at grain boundaries between pyroxene and plagioclase. Intragranular fractures of clinopyroxene were wetted by melt (bright lines, marked by black arrows). (e) Magnified area of solid rectangle outlined in Figure 3d ; spots 19a, 38, 39, plagioclase; 25, 28, 31, orthopyroxene; 29, 35, 37, clinopyroxene; 19 and 20, ilmenite; 21 and 22, rutile; 23, magnetite; 26, 27, 30, 36 , melt at grain boundaries between pyroxene and ilmenite; 24, 33, 34, melt at local triple and higher-order junctions of clinopyroxene, orthopyroxene, and ilmenite; 32, melt at grain boundaries between pyroxene and plagioclase; 40, melt in intragranular fractures of plagioclase; 41, melt at grain boundaries between plagioclase and ilmenite. (f) Magnified area of dashed rectangle shown in Figure 3d ; spots 42, plagioclase; 49 and 53, orthopyroxene; 55 and 59, clinopyroxene; 45 and 57, ilmenite; 46, rutile; 54, magnetite; 58, calcium carbonate; 43 and 44, melt at local triple and higher-order junctions of plagioclase, orthopyroxene, and ilmenite; 47, 48, 52, melt at local triple and higher-order junctions of clinopyroxene, orthopyroxene, and ilmenite; 50, 51, 56, melt at grain boundaries between clinopyroxene and orthopyroxene. . Chemical composition of major minerals and melt in predried starting samples and deformed samples; pl, plagioclase; cpx, clinopyroxene; opx, orthopyroxene; ol, olivine; melt in pl-py, composition of melt at grain boundaries between plagioclase and pyroxene; melt in pl-ilm, composition of melt at grain boundaries between plagioclase and ilmenite; melt in pl, composition of melt in intragranular fractures of plagioclase; melt in py-ilm, composition of melt at grain boundaries between pyroxene and ilmenite; melt in py, composition of melt at grain boundaries and intragranular fractures of pyroxene. state) strain rate was usually reached at an axial strain of less than 0.5%. Maximum total strain accumulated for each specimen was 10-19%.
[14] At the imposed experimental conditions, strain rates increase with increasing axial stresses and increasing temperature. However, the strain rates increased slightly with increasing experimental time, resulting in approximately linear slopes of log stress versus log strain rate data for tests performed at the first, second, and third day, respectively (Figure 5a ), shifted upward with time. This is a time-dependent weakening effect related to increasing partial melt content of samples with time (see below). To explore the timedependent weakening, we performed repeated creep tests on one sample (sample 21) at constant axial stress of $300 MPa and a temperature of 1025 C, corresponding to the average stress and average temperature sustained by all tested samples. In between consecutive creep tests, the sample was unloaded and annealed for $24 h. This procedure was repeated 8 times, with a total accumulated time of more than 190 h. When plotted in log strain rate versus log time, strain rate _ ɛ increases approximately linearly with time t between $24 h and $100 h (Figure 5b ), which covers most of the accumulated time in all other experiments. Linear regression of strain rate -time data within this interval yields where _ ɛ A is a constant, _ ɛ is recorded strain rate (s À1 ), and t is total time (h). Therefore, the time-dependent weakening may be expressed as
The exponent k is found to be close to 1, suggesting that the strain rate increases linearly with time ( Figure 5b ). It is noted that the time-dependent weakening effect is not significant for a test duration <24 h.
Microstructures of Deformed Samples
[15] Microstructural observations on thin sections parallel to the sample axis using optical microscopy and backscattered electron microscopy (BSE) show that deformed dry samples are different from the starting material (Figure 3a) . Grains are elongated and a shape preferred orientation developed (Figure 6a ). Melt films appear mainly at grain boundaries of plagioclase and pyroxene as well as in intragranular fractures of grains (Figures 6a-6d , bright lines marked by arrows). Compared with intragranular fractures produced from thermal expansion mismatch during the predrying period, fractures in deformed samples did not grow significantly after deformation. In some areas the melt is also located in melt pockets (Figure 6d , upper right of image, marked by short arrows; Figures 7a and 7b ). The total melt fraction was measured by areas ratio of melt and grains on 26 SEM 2-D images of five deformed samples, yielding values between $1 vol % and $2 vol % (Table 2) . Energy-dispersive X-ray spectroscopy (EDAX) microanalyses (Figures 6e-6g) show that the composition of plagioclase and pyroxene remains unaltered after deformation (Figure 4) , and the chemical composition of the melt in deformed samples is similar to melt at grain boundaries between plagioclase and pyroxene in starting samples, with the FeO content of melt ( Figure 4a ) higher than that of pyroxene, MgO content (Figure 4b ) exceeding that of plagioclase but lower than in pyroxene. The CaO, Al 2 O 3 and Na 2 O contents (Figures 4c-4e ) in the melt are lower than the counterparts in plagioclase, and higher than those in pyroxene. Moreover, SiO 2 content of melt is lower than that in plagioclase and pyroxene (Figure 4 ), but higher than that of melt at grain boundaries between pyroxene and ilmenite in starting samples. These data suggest that chemical composition of melt in deformed samples is also heterogeneous, and chemical composition between melt and solid grains is still not in equilibrium. Moreover, deformation did not induce melt segregation.
[16] In samples deformed at temperatures of 1000 to 1100 C, very fine new grains (about 10 mm) were found at the rim of pyroxene grains (Figures 6h-6j , marked by thin black arrows), and new fine pyroxene grains at boundaries of plagioclase grains (Figure 6j ). EDAX microanalysis (Figures 6i and 6j ) and microprobe analysis (Figures 6k-6m) show that most of the fine, newly grown grains around pyroxene are clinopyroxene and orthopyroxene, but a small amount is also found to be olivine in some regions (Figures 6i  and 6k-6m) for T ≥ 1050 C. In addition, recrystallized fine-grained (nano-sized) magnetite developed at the rim of magnetite grains (Figures 6g and 6j , large black arrow in upper right image; Figure 7d ). The development of the new fine grains indicates that dynamic recrystallization and partial reaction occurred in the samples during deformation at temperatures >1000 C.
[17] For TEM observation, sample 02 was prepared using Focused Ion Beam (FIB) in GFZ [Wirth, 2004 [Wirth, , 2009 [Wirth, , 2010 , and TEM analysis (Philips CM 200 Twin in GFZ, and JEOL 2010 in Beijing) reveals melt located in melt pockets of plagioclase (Figures 7a and 7b ) and melt films with nanosized magnetite (Figure 7c , white arrows) in grain boundaries, with increased FeO content in melt. Recrystallized nano-sized magnetite developed at the rim of magnetite grains (Figure 7d ). Locally high density of free dislocations developed in clinopyroxene grains (Figure 7e ). TEM also reveals the presence of dislocations in plagioclase (Figures 7a  and 7f ) but less frequently than in pyroxene grains.
Microstructures of Annealed Samples
[18] To compare microstructures of deformed and undeformed samples with respect to time-and temperature-dependent partial melting and recrystallization/neocrystallization, we annealed three samples at 300 MPa isostatic pressure and 1025 C temperature for 24, 72, and 172 h, respectively. This time range covers the linear part of time-dependent weakening Figures 6e-6g indicate location spots of microanalysis using energy-dispersive X-ray spectroscopy (EDAX). (e) Spots 1, plagioclase; 2, melt at grain boundaries between pyroxene and plagioclase; 3, melt at grain boundaries between plagioclase. (f) Spots 5, melt at grain boundaries of pyroxene; 6 and 8, melt in intracrystalline along cleavage cracks of pyroxene; 7, melt at grain boundaries between pyroxene and plagioclase. (g) Spots 2 and 5, melt at grain boundaries between pyroxene and magnetite; 4, magnetite; 8 and 9, melt at grain boundaries of plagioclase; 10, melt at grain boundaries of pyroxene, plagioclase and magnetite. observed in sample 21 deformed at 1025 C (Figure 5b ). In addition, two samples were annealed at 950 C and 1100 C for 72 h, respectively, thus covering the whole temperature range of the deformed samples. Similar to the deformed samples, in the annealed samples, in the SEM we observed melt films along grain boundaries enriched in Fe. Quantitative analysis of area ratio of melt and grains on 24 2-D SEM images yielded melt contents up to about 3.7 vol % (Table 2) , with melt fraction increasing with increasing annealing time and temperature. In contrast to the deformed samples, no shapepreferred orientation of grains and no recrystallization/ neocrystallization occurred.
Discussion
Deformation Mechanisms and Flow Law Parameters
[19] Time-dependent weakening was observed for all deformed samples (Figure 5a ) with creep rate being proportional to time (Figure 5b and equation (2) may be expressed by a time-dependent power law of the form
where s (MPa) is stress, T(K) is temperature, R is the molar gas constant, n is stress exponent, Q (kJ mol À1 ) is activation energy, A is a material-dependent constant, t(h) is time, and k is a constant of $1. Equation (3) accounts for timedependent increase of melt content during deformation as discussed below. To test if the observed linear relation between strain rate and test duration time holds for all tested samples, we recalculated the measured data using equation (3) using the following procedure: First, the measured strain rates at given temperature were normalized to a flow stress, s = 300 MPa based on preliminary estimates of stress exponent n varying between 4.1 and 4.6, which were obtained by least square fitting of the original data (see inset in Figure 5a ). Subsequently, strain rates were fitted to logð _ ɛÞ ¼ logð _ ɛ A Þ þ k logðtÞ and recalculated to t = 24 h using the relation
where _ ɛ 24 is the creep rate at t 24 = 24 h and _ ɛ is recorded strain rate. For sample 03, we converted strain rates to t = 5 h because a linear weakening with time was found to occur already after about 5 h, likely due to a higher temperature of 1100 C and higher melt content.
[20] Finally, strain rates were back calculated to the original stresses and reanalyzed by regression fitting to determine a new set of stress exponents for each temperature. After two iterations this three-step procedure resulted in stable k values between 1.00 and 1.16, very similar to the value of 1.0 AE 0.1 obtained for sample 21 (Figure 5b ). Figure 8 shows the final recalculated strain rates normalized to a stress of 300 MPa versus accumulated time. Stress versus the corrected strain rate data are shown in Figure 9a . Compared to the raw data (Figure 5a ), the data scatter is substantially reduced. The stress exponents resulting from linear regression are between 3.8 and 4.0 with a mean value of n = 4.0 AE 0.3.
[21] To estimate activation energy Q we used the corrected strain rate data for stress-stepping experiments in conjunction with the data for the temperature stepping experiment (sample 22). A constant k = 1.0 was assumed to eliminate the time-dependent weakening. Figure 9b shows an Arrhenius plot of recalculated strain rates normalized to a stress of 100 MPa using n = 4.0. Linear regression yields an activation energy of Q = 644 AE 75 kJ mol À1 . Inserting the corrected data into equation (3) yields a preexponential constant of logA = 10.3 AE 0.4 MPa n s À1 . The resulting power law equation for creep of dry gabbro containing <1% melt is
with n = 4.0 AE 0.3, Q = 644 AE 75 kJ mol À1 , and logA = 10.3 AE 0.4 MPa n s À1 , where stress is given in MPa and strain rate in s À1 .
[22] The calculated stress exponent (n = 4) and the observed microstructures (varying but frequently high dislocation density, recrystallized grains) indicate that the samples were deformed predominantly in the dislocation creep regime. Dynamic recrystallization and reaction-induced neocrystallization forming core-and-rim structures were found around pyroxene and magnetite. However, dynamic recrystallization and reaction did not lead to weakening of the samples with time. In fact, a lot of very fine new grains (about 10 mm) of reaction products were found in creep tests for wet samples of gabbro, and most of the reaction products are olivine, which leads to hardening of the wet gabbro samples with time [Zhou et al., 2011] . [23] We did not observe evidence for grain size-sensitive diffusion creep for the entire range of stress and temperature conditions with relatively large grain size (about 67-148 mm). This is in agreement with previous studies on synthetic anorthite-diopside aggregates. In general, the transition from dislocation creep to diffusion creep in these aggregates with grain size of 25-45 mm occurred below about 200 MPa stress at similar P-T conditions [Dimanov and Dresen, 2005; Dimanov et al., 2007] . Experimental deformation of natural diabase [Mackwell et al., 1998 ] and gabbro [He et al., 2003] in the dislocation creep field also required stresses in excess of about 200 MPa at comparable P-T conditions.
[24] We obtained a stress exponent and an activation energy for dislocation creep of gabbro of n = 4.0 AE 0.3 and Q = 644 AE 75 kJ mol
À1
, respectively (equation (5)). The n value is comparable to stress exponents found in previous studies for dislocation creep of dry diabase, gabbro, and hotpressed anorthite-diopside aggregates [Wilks and Carter, 1990; Wilks, 1995, 1996; Mackwell et al., 1998; He et al., 2003; Dimanov et al., 2003; Dimanov and Dresen, 2005] . In these studies, the stress exponent n ranges from 3.0 to 5.5, depending on the feldspar-pyroxene ratio.
[25] As seen above from the distribution of melt and its chemical composition, the sample as a whole is strongly heterogeneous and chemically not in equilibrium, especially when melt and melt-solid contact are concerned. Nonetheless, the mechanical data are typical of dislocation creep when the weakening effect from melt fraction is corrected.
Two-Phase Flow Models
[26] For multiphase rocks, the flow law parameters may be constrained by empirical mixture rules with end-member data. Here we used three empirical mixture rules Ji, 2004; Tóth et al., 2009 ] to determine a flow law for rocks of basaltic composition with anorthite and diopside as end-members. For the model of , stress exponent, activation energy, and strain rate are n c ¼ 10
where v i are the volume fractions of the phases and subscripts 1, 2, and c represent the phase 1, phase 2, and mixture phase, respectively. The model suggested by Ji [2004] is expressed as
where m represents any of the flow law parameters (n, Q, _ ɛ), J is a constant, v is the volume fraction of the respective phase, and subscripts 1, 2 and c represent, the phase 1, phase 2, and composite mixture, respectively. For the model of Tóth et al. [2009] ,
where m is the inverse of stress exponent n, f is the volume fraction, k is a constant that can be obtained from
, subscripts 1, 2, and c represent the phase 1, phase 2, and composite mixture, respectively.
[27] In Figure 10a , experimentally derived stress exponents for dislocation creep of dry feldspar, pyroxene, and mafic aggregates are compared to predictions from empirical mixture rules for high-temperature creep of multiphase rocks Ji, 2004; Tóth et al., 2009] . The models indicate that stress exponent n decreases with increasing feldspar content. The model of Ji [2004] predicts almost identical stress exponent as an earlier model of for J between À0.1 and 0.1. There is good agreement of model predictions for pyroxene-feldspar aggregates with approximately equal amounts of phases but not for endmember of feldspar and pyroxene volume fractions >80 vol %. This may be due to formation of a load-bearing framework or the presence of interconnected weak layers beyond a critical volume fraction of one end-member component.
Also, the stress exponent of 5.5 for granulite with 38% feldspar Wilks, 1995, 1996] , and 4.7 for natural diabase samples [Mackwell et al., 1998 ] are significantly higher than values predicted by the empirical mixture laws, probably due to the difference in chemical composition of plagioclase and pyroxene in the starting samples.
[28] The variation of activation energy with feldspar content for the same suite of rocks is compared to predictions of the different models in Figure 10b . Both models of and Ji [2004] give almost identical results, and the effect of J is negligible. The Q values predicted by mixture laws show a reasonable agreement with experimental data, suggesting a slight decrease with increasing feldspar content. Again, the values obtained for diabase [Mackwell et al., 1998 ] and mafic granulite and microgabbro [Wilks and Carter, 1990; Wilks, 1995, 1996] do not agree with the model predictions.
[29] Experimentally derived strain rates of dry feldsparpyroxene rocks and mafic rocks increase with increasing feldspar content (Figure 10c ). The data of Wilks and Carter [1990] result in strain rates that are high compared to the model predictions possibly due to a contribution from brittle microcracking, which was reported in their experiments. For feldspar content > ≈60% the models of Ji [2004] , , and Tóth et al. [2009] fail to predict strain rates from the experimental data except the data of Columbia diabase with feldspar content of 70% [Mackwell et al., 1998 ], which is in agreement with Ji's [2004] model.
Melt Weakening Effect
[30] The melt fraction of deformed and annealed samples increases with duration of the experiments and with increasing temperature (Table 2 and Figure 11 ). Despite the large variations in the measurements of melt fraction, the annealed samples seem to have a consistently higher melt fraction than deformed samples at the same time and temperature. Nevertheless, no significant difference in melt distribution and chemical composition are observed for annealed and deformed samples that were kept at similar pressure and temperatures for the same time period. This suggests that melt fractions and melt topology is not affected significantly by deformation and stress state of the samples, and deformation did not induce melt segregation and melt bands with preferred orientations. Sample 21 involved Figure 10 . (a) Stress exponent n, (b) activation energy Q, and (c) log strain rate at 1423 K temperature and 100 MPa stress plotted against feldspar content of dry samples deformed in the dislocation creep regime. Solid circle, this study; Ry00, anorthite [Rybacki and Dresen, 2000] ; Di05, pure diopside and anorthite-diopside aggregates [Dimanov and Dresen, 2005] ; Di03, dry diopside [Dimanov et al., 2003] ; By01, dry clinopyroxene [Bystricky and Mackwell, 2001] ; Ma98, dry diabase [Mackwell et al., 1998 ]; He03, oven-dried gabbro [He et al., 2003] ; Ro96, mafic granulite [Ross and Wilks, 1996] ; Wi90, mafic granulite and microgabbro [Wilks and Carter, 1990] . The data are compared to predictions of different empirical models developed by [Holtzman et al., 2003a [Holtzman et al., , 2003b Holtzman and Kohlstedt, 2007; Kohlstedt and Holtzman, 2009; Kohlstedt et al., 2010; King et al., 2010 King et al., , 2011 have demonstrated deformation-driven melt segregation and its preferred orientation in simple shear and torsion experiments. Through torsion and static annealing experiments, King et al. [2011] demonstrated that the time required for static annealing to homogenize deformation induced melt segregation far exceeds the time needed to segregate melt at laboratory strain rates. The melt distribution in this study is different to those results and the melt distribution seems to be stable during the experiments because our experiments were performed under triaxial compression and the total strain is limited (<20%).
[31] For melt fractions between 1 and 4 vol % the melt fraction f increases linearly with logarithm of time t:
where the slope m d is about 0.018 AE 0.009 (Figure 11 ), describing the evolution of partial melting in dry gabbro. Combining equations (2) and (12) yields a strain rate enhancement by partial melting of the form [32] Melting experiments on feldspar and feldspar-pyroxene aggregates revealed kinetics depending on number and composition of components and solid phases [Tsuchiyama and Takahashi, 1983; Tsuchiyama, 1985 Tsuchiyama, , 1986 . Either interface reaction or diffusive mass transfer within the melt or the crystals may control the melting or dissolution rate. The process of rate-limiting melting in our experiments remains unknown, but it is likely that chemical disequilibrium between melt and grains is a factor that may promote diffusion. Existing models suggest that melt content increases at a rate that is either linear or proportional to the square root of time [e.g., Tsuchiyama, 1986; Shaw, 2004] . Our data suggest that melting kinetics is best fit by a logarithmic time dependence ( Figure 11 ).
[33] Several models have been developed to describe the deformation of partially molten rocks, with strain rate depending on melt content f and dihedral angle [e.g., Kohlstedt, 2002; Karato, 2008; Kelemen et al., 1997] . These relations include Karato, 2008] , and _ ɛ ∝ expðk 5 fÞ [Kelemen et al., 1997] , where k 1 -k 5 are microstructure-dependent constants.
[34] Our experimental data do not allow discrimination among the different models. The exponential relation suggested by Kelemen et al. [1997] 
may be directly combined with equation (13) yielding
The value of k 5 (≈128) is significantly higher than k 5 ≈ 20-40 obtained by Kohlstedt and coworkers for melt-bearing olivine and feldspar rocks [Kohlstedt, 2002; Kohlstedt and Zimmerman, 1996; Kohlstedt et al., 2010] . Mei et al.
[2002] gave k 5 = 26 for grain boundary diffusion creep and k 5 = 31 for dislocation creep in olivine + basalt systems. In part, this difference might be related to different melt viscosities and melt topologies of the partially molten samples. Experiments on olivine and feldspar rocks were performed with added basaltic melt. Instead, our samples contain varying amounts of partial melt wetting grain boundaries possibly introducing short-circuit diffusion pathways [Hirth and Kohlstedt, 1995a] . In a 3-D finite diffusivity model (TH model Holtzman, 2009a, 2009b] ), short-circuit diffusion with stress enhancement leads to dramatic (order of magnitude) decrease in viscosity between melt fractions of 0 and 0.02, followed by more modest viscosity reduction with increasing melt fraction of 0.1 to 0.2 (Figure 12a ). This model predicts stronger viscosity decrease with very low melt fraction (<0.03) than a 2-D finite diffusivity model [Cooper and Kohlstedt, 1986] due to different diffusion pathways. Although samples in this study deformed in dislocation creep regime, the slope of viscosity decrease (k 5 = 128) with melt fraction of 0.01 to 0.03 is close to the slope of 3-D finite diffusivity model Holtzman, 2009a, 2009b] in the same melt fraction range (Figure 12a) , and the slope for diffusion creep experiment with k 5 = 25 [Kohlstedt, 2002; Kohlstedt and Zimmerman, 1996; Kohlstedt et al., 2010; Mei et al., 2002] is similar to the slope in the middle segment of TH model Holtzman, 2009a, 2009b] .
[35] The melt-related enhancement of strain rate is controlled by melt topologies and melt fraction of the partially molten samples. Melt wetting two-grain boundaries leads to significant weakening of the aggregates even at melt content of 2-3% [Tullis et al. 1996; Dimanov et al., 2000] , in agreement with the model of Paterson [2001] . However, if partial melt predominantly resides in triple junctions, the strain rate enhancement increases more moderately with increasing melt content, in agreement with the model of Cooper and Kohlstedt [1986] . Enhancement with melt fraction of 0.01 to 0.02 in our data with k 5 = 128 has the same trend (Figure 12b) as that of Dimanov et al. [2000] for melt wetting grain boundaries, in agreement with the model of Paterson [2001] . The factor of strain rate enhancement in our data is 1.8-7.5 with melt fraction of 0.01-0.02 (Figure 12b ), lower than a factor of 5 in the model of Takei and Holtzman [2009a] with melt fraction of 0.01. Faul and Jackson [2007] reported that a small amount of melt (f ≤ 0.01) enhances shear creep by a factor of 20 in the grain boundary diffusion creep regime, significantly stronger enhancement than predicted by the above models. Such a discrepancy may be due to an increasing grain boundary diffusivity with the addition of melt, which is incorporated in the boundary as an impurity [Takei and Holtzman, 2009a] .
Geological Applications
[36] Melting and melt transport are important for deformation processes occurring in the lower crust, upper mantle and during contact metamorphism [e.g., Koepke et al., 2004; Acosta-Vigil et al., 2006; Kvassnes and Grove, 2008; Schulmann et al., 2008] . Partial melting is considered to have a strong influence on the mechanical behavior of rocks [e.g., van der Molen and Paterson, 1979; Dell'Angelo et al., 1987; Rushmer, 1995; Rutter and Neumann, 1995; Yoshinobu and Hirth, 2002; Koepke et al., 2004; Vanderhaeghe, 2009; Yoshino et al., 2009; Zhu et al., 2011] . Weakening induced by partial melting may lead to strain localization during creep of rocks in the lower crust or upper mantle. The effect may be augmented at high strain by squeezing or sucking the melt out of triple or four grain junctions and grain boundaries into discrete bands potentially producing melt channels [e.g., Kohlstedt and Holtzman, 2009; Kohlstedt et al., 2010; Rybacki et al., 2008 Rybacki et al., , 2010 .
[37] Equation (15) predicts about half to one order of magnitude increase in strain rate if just 2-3% melt is present. A quite similar strain rate enhancement was observed by Dimanov et al. [2000] in deformation experiments on synthetic labradorite aggregates containing wetting melt deformed in the grain boundary diffusion creep regime. Likewise, the model of Paterson [2001] for creep of partially molten rocks predicts a similar strain rate enhancement proportional to the square of the melt fraction. However, both in Paterson's model and in the creep experiments performed by Dimanov et al. [2000] , creep is assumed to be linear viscous, which is not the case in our experiments. This suggests partial melt wetting grain boundaries significantly weakens rocks by about a similar amount for both diffusion creep and dislocation creep. The flow laws explicitly incorporating the melt effect help better infer flow law parameters from experimental data under circumstances of disequilibrium due to slow increase of melt proportion. For partially molten lower crust in active orogenic regions with high geotherm and hot oceanic crust [Yoshinobu and Hirth, 2002; Koepke et al., Figure 12 . (a) Normalized shear viscosity versus melt fraction. TH model is a 3-D finite diffusivity model by Takei and Holtzman [2009a] , CK model is a 2-D finite diffusivity model by Cooper and Kohlstedt [1986] , dotted line shows the slope with k 5 = 25, experimentally derived in diffusion creep of olivine-basalt mixtures using the relationship h = h 0 exp (Àk 5 f) [Kohlstedt, 2002; Kohlstedt and Zimmerman, 1996; Kohlstedt et al., 2010; Mei et al., 2002] . Solid line shows the slope with k 5 = 128 experimentally derived in this study using the relationship h = h 0 exp (Àk 5 f), close to the trend of TH model for melt fraction less than 0.03. (b) Strain rate enhancement versus melt fraction at 100 MPa in this study (solid squares), with other data from Dimanov et al. [1998] (open circles) and Dimanov et al. [2000] (open triangles) at 10 MPa. Solid triangle is the result of Takei and Holtzman [2009a] . Solid line is modeled using equation (15) with k 5 = 128 inferred in this study. P model and CK model are Paterson's [2001] model and Kohlstedt's [1986] model, respectively. 2004] , flow laws that explicitly incorporate melt evolution may become important in constraining the flow stress under circumstances similar to our experiments.
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